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Abstract 
The optimised placement of reclosers on a distribution network is known to improve the reliability of a power 
system. Furthermore, the protection settings on distribution systems rely heavily on the number and placement 
of such reclosers. This study examined the effect of using protection settings methodology with the placement 
of reclosers to ameliorate the damage sustained during faults on a distribution network. The aim of the study 
was to determine whether this ‘damage control factor’ should be a future consideration for recloser placement. 
It has been found that the determination of the number and placement of reclosers, which are the function of 
the energy exposure of feeder, helped to optimise the operation and reliability of a distribution network. This 
could benefit both energy users and energy suppliers, who often face different challenges during the fault levels 
on the network. 
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Highlights 
• Assesses energy exposure to avoid damage to the system during a given fault conditions. 
• Develops the effect of using protection settings methodology with the number and replacement placement 
of reclosers. 
• Alleviate damage sustained during faults into an electrical distribution network. 
• Assesses an optimal relationship between the number and replacement of reclosers in the network and the 
energy exposure of the feeder. 
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1. Introduction From the generation of electricity to the consumer side, protection-setting is a major factor in the de-sign of any electrical network. Thus, the primary concern of selecting a protection device is based on the rating line current, fault detection, isolation and restoration, and short-circuit/overcurrent protec-tion [1-3]. These can be seen in all electrical grids, either standard or smart, as well as in distributed generation [4-9]. The protection of all equipment throughout the power system must be considered and, besides, renewable energy integration should be included [10, 11]. It is, however, the accuracy of selecting the protection devices that will result in sustainability of protection against harm to the electrical network. The art of selecting protection devices is, therefore, a principal task for the electri-cal designer, based on the complexity of supplying the different types of loads and the mixing of power generations. This is also a function of ensuring reli-ability, flexibility and electricity quality in the dis-tribution network.  An automatic circuit recloser is a self-controlled device for carrying and automatically interrupting and reclosing an alternating current circuit [3]. It has a predetermined sequence of opening and re-closing, followed by a lockout operation [12]. In this report, the term ‘recloser’ has been substituted for ‘automatic circuit recloser’ for simplicity. A recloser has non-directional over-current, earth-fault and sensitive ground-fault protection. Reclosers are fre-quently used in preference to fuses because fuses blow to isolate transient and permanent faults and need to be replaced manually to restore supply. Re-closers reset the network automatically if the fail-ure is transient and only require manual restora-tion for permanent faults [13]. In fault diagnosis and control, the recloser plays an important role in ensuring power system reliability [14, 15] to select the quick switch for total power supply [16] and to guarantee the protection performance of a distrib-uted generator system [16, 17]. The developed pro-tection strategy considers using reclosers as an op-portunity to improve the system reliability indices and to reduce the network losses [18]. Sun et al. [19] proposed a data-driven strategy that could predict fault events so that a rapid recloser can be performed on the system. The method uses an un-derlying fault-attribute relationship to guarantee a distributed potential fault event on the transmis-sion line. The developed framework establishes an important measurement structure that can observe all faults caused by the system and the rarely occur-ring environmental elements. Through the light of the different relative weights, the environmental el-ement impacts are determined by the reliability of the entire system.  
The designed approach, therefore, aims to as-sess and predict the individual effects that can affect the safety of the system. The effectiveness of the proposed model is tested through an empirical study. Slabbert et al. [20] described the Joule energy that a conductor is exposed to, i.e., let-through en-ergy exposure, during a fault on the feeder. This ap-proach consists of creating a model that can deter-mine the constraints of the conductor to avoid dam-age so that high voltage feeders can be protected. Le et al. [21] developed a case study on smart distribu-tion networks that consists of detecting, locating and isolating faults on the electrical system. Through the proposed strategy, service restoration, self-healing and fault indicator are added to in-crease the reliability and performance of distribu-tion networks. The impact of the number and the position of reclosers on the investment cost, cus-tomer interruption costs and the system average in-terruption duration index (SAIDI) were also dis-cussed [22-31]. An increase in the number of reclos-ers minimises the customer outage costs and im-proves the network SAIDI [25, 26]. This is achieved by isolating the smallest section of the faulted net-work, which would then reduce the impact of a fault on the rest of the system. To optimise return on in-vestment, the number of customers, the kVA base and the length of line are important considerations during the planning of a recloser installation [22]. Most of the studies on recloser placement have not considered the effect of increasing numbers of re-closers on network damage during faults. The re-quirement for devices in series to co-ordinate/dis-criminate has the result that upstream devices, where fault currents are highest, operate in the longest time. Upstream reclosers are intentionally time-delayed to ensure that the recloser closest to the fault trips first, to minimise the number of cus-tomers affected [32]. The damage is assessed as a function of the energy exposure during fault condi-tions. Larger numbers of protective devices in se-ries can, consequently, give rise to slower fault clearance and, ultimately, greater damage. Fast fault clearance is important to avoid irreversible damage to the conductor and other line hardware, motivating for the impact of the settings approach applied to the feeder to be investigated.  The contribution of this research work can be summarised as follows: 
• guarantee an optimal safety operation of the equipment by avoiding system damage deriv-ing from the increase of the energy exposure;  
• assess the impact of energy exposure when a fault occurs into the electrical system in the function the number and placement of reclos-ers to describe the minimum setting approach of protecting the equipment; and 
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• provide experimental setting and simulation results based on the variation of number and placement of reclosers and the effect of the settings methodology that describes the en-ergy exposure of the feeder. The present study used a simulated radial feeder to explore the effects of the number and po-sition of reclosers on the energy exposure during faults. The effects were examined for two conven-tional setting approaches being applied to the re-closers and for cases with and without ‘highest’ pro-tection elements.   
2. Method 
2.1. Test setup All assessments of damage were done on a simu-lated 30 km line constructed of an aluminium con-ductor steel-reinforced (ACSR) Mink line and sup-plied from a busbar with a three-phase fault level of 7.33 kA. The Mink conductor has an emergency cur-rent rating of 272 A and a 1 s current rating of 7.11 kA. The 1 s current rating is the maximum short-cir-cuit current that the overhead line can withstand for one second. This was derived from the temper-ature limit of the specific device. Permanent dam-age occurs wherever the energy exposure level or the let-through energy exceeds the short time with-stand rating of the conductor [33]. The energy ex-posure of an overhead line is defined by Equation 1 [34, 35].      𝐸𝐸 = 𝐼𝐼2𝑡𝑡  (1) where E is the energy exposure, I the fault current and t is the duration of the fault current. The fault current and the corresponding recloser tripe time (TT) was calculated at every 1 km interval of the feeder shown in Figure 1. Energy exposure was then calculated and analysed for variations of com-binations of the following scenarios: 
• the number of reclosers on the feeder;  
• the position of reclosers;  
• the recloser settings methodology; and  
• the auto-reclose approach.  
Figure 1: The assessed feeder, where T, A, B, IA 
and IB are transformer circuit breaker, circuit 
breaker or recloser A, circuit breaker or recloser 
B, fault level at A, fault level at B respectively.  
From Equation 1, the time that the conductor is exposed to the fault current is the only parameter that can be controlled without making any modifi-cations in primary plant. A fault current limiter could be installed to reduce the fault current, but would require further investment. The time-period line and its components that are exposed to the fault current are dependent on the settings of the protective devices (e.g. reclosers). The settings ap-proach applied to the reclosers has a significant im-pact on the energy exposure of the feeder.  
2.2. Settings approach 
2.2.1 Delayed protection settings The fault level at every kilometre of the line was cal-culated for the feeder in Figure 1 and suitable time-delayed over-current settings were applied to every recloser according to published guidelines [36], i.e.:  
• the pick-up should be set between 100% and 120% of the thermal limit of the thinnest con-ductor within the over-current reach; 
• the pick-up should be sensitive enough to de-tect 80% of phase-to-phase fault current at the end of the intended reach, allowing for the by-passing of one immediate downstream re-closer; and 
• the grading between two devices should be done at the maximum expected current at the point of overlap. A grading margin of 400 milli-second (ms) was used for all scenarios.  In this test-setup, all reclosers were set using the normal inverse characteristic. The TT of the normal inverse curve was determined by Equation 2 [37].        𝑇𝑇𝑇𝑇 = 0.14×𝑇𝑇𝑇𝑇
�
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where TM is the time multiplier, Ifault is the fault cur-rent and IPU is the current pick up setting. It can be inferred that TT of the relay reduces exponentially as the fault current increases. In each scenario, a comparison of the energy exposure of the feeder was shown for the two settings methodologies de-scribed below. The two setting methodologies were analysed using the top-down approach and the bot-tom-up approach, i.e.:  
• the top-down approach entails setting the feeder circuit-breaker 400ms faster than the transformer’s overcurrent protection at T in Figure 1. The transformer protection is typi-cally set to 1.5 s for a busbar fault. All down-stream reclosers are graded with upstream re-closers with a grading margin of 400 ms. Re-closer A is set to trip in 1.1 s and the time mul-tiplier is calculated using Equation 2 for IA. The trip time of recloser A is calculated for IB. The time multiplier for recloser B is then calculated 
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by setting the TT 400 ms faster than the calcu-lated TT of recloser A for IB;  
• the bottom-up approach entails setting the re-closers closest to the loads as fast as possible, with a minimum time multiplier. All upstream devices are graded with downstream reclosers. The trip time of the feeder circuit-breaker, therefore, depends on the number of reclosers that need to be graded. The upper limit of the TT for the feeder circuit-breaker is the TT of the transformer minus the 400 ms grading margin. Recloser B in Figure 1 is set to a minimum time multiplier of 0.05 and the corresponding TT for IB is calculated. Recloser A should then be set to 400 ms slower than recloser B for IB. The time multiplier of recloser A is calculated using Equation 2.  
2.2.2 Instantaneous protection settings Most overcurrent relays are fitted with a high-set instantaneous element. The application of a high-set makes a reduction in TT at high fault levels pos-sible. The instantaneous element or high set on the feeder circuit breaker is set so that it will not oper-ate for the maximum through-fault current seen by the successive recloser [32]. A setting equal to 150% of the fault current level at the downstream recloser position is assumed, to cater for network modelling errors, relay measurement errors and transient over-reach [38].  
 2.2.3Auto-reclose approach An auto-reclose approach of three trips to lock-out is assumed [32]. This implies that the feeder will be exposed to a permanent fault current three times consecutively before the recloser locks out. It is as-sumed that the conductor will not dissipate heat significantly over the short time-span of the auto-reclose dead times. The energy exposure of a feeder for a permanent fault is, therefore, three times that of a transient fault that is cleared with one auto-re-close cycle. A success rate of 89% is reported by Gomez and Morcos [39] for the first shot, 5% for the second and 1% for the third. Using this as an as- sumption, the energy exposure for a fault at a spe- 
cific point on the network is calculated with Equa-tion 3.    𝐸𝐸 = (100% × 𝐼𝐼2𝑡𝑡1) + (11% × 𝐼𝐼2𝑡𝑡2) + (6% × 𝐼𝐼2𝑡𝑡3)   (3) where E is the energy exposure, I is the short-circuit current and tn is the duration of the short-circuit current with n = trip 1, 2 or 3, respectively. This methodology was simulated in Matlab R2014b for the various situations and cases pre-scribed in Section 3. This was made in two principal cases: the effect of the setting approach and the var-iations in the recloser number. 
3. Results and discussion 
3.1. The effect of the settings methodology used 
on the energy exposure of the feeder The impact of the top-down and bottom-up settings methodologies on the energy exposure on the feeder was investigated. For the given positions and protection settings of three reclosers provided in Table 1, the energy exposure for a fault at every 1 km interval of the feeder was plotted as shown in Figure 2. The settings methodology was varied be-tween the top-down and bottom-up approach, with and without auto-reclose. High-set elements were not applied for a better analysis of the effect of the settings strategy.  Figure 2 shows that the energy exposure of the feeder where the top-down approach was used was substantially higher than where the bottom-up ap-proach was used. The difference in TT between the two setting methodologies for a close-up fault is shown in Table 1. It can be deduced that the settings methodology and resulting TTs of the reclosers had a significant impact on the energy exposure of the feeder. The energy exposure was most significant in the portion of the feeder closest to the source, where the fault current of the feeder was highest and where the energy limit could possibly be ex-ceeded. The TT had a significant effect on the energy exposure only at high fault levels, near the source. If all protection devices were set to auto-reclose, the energy exposure would increase significantly.  
Table 1: The positions and settings of the three reclosers placed on the line. 
  Bottom-up Top-down 
Recloser posi-
tion (km) 
Pickup 
(A) 
Time multi-
plier  
Trip 
time 
Time multi-
plier  
Trip 
time 0.1 272 0.15 0.308 0.54 1.110 10.0 245 0.08 0.030 0.20 1.007 20.0 220 0.05 0.434 0.12 1.041  
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Figure 2. Energy exposure of feeder for different methods of settings calculations. 
 
3.2. Variations in the recloser number:  
bottom-up approach The impact of the number of reclosers in series on the energy exposure on the feeder when the bot-tom-up approach was used was investigated. For the given number, position and protection settings of reclosers provided in Table 2, the energy expo-sure for a fault at every 1 km interval of the feeder was plotted as in Figure 3, for a feeder with one, three and five reclosers. High-set and auto-reclose elements were not applied to better describe the ac-curacy on the bottom-up strategy. Figures 3 and 4 represent the same data, but using different scales for the ordinate axis. Figure 3 represents the data on a logarithmic scale, showing the detail of the step-decrease in energy exposure at every recloser 
position. Figure 4 represents the data on a linear scale and the perspective of the actual magnitude of the energy exposure. The cumulative energy exposure of the feeder increased with an increasing number of reclosers in the network. A step-decrease in energy exposure occurred at every recloser position in Figure 3, caused by the decrease in TT at each recloser. The gradient of the decrease in energy exposure be-tween each recloser reduced as the fault level re-duced along the length of the feeder. At low fault levels, the impact of increasing TT dominated, caus-ing an inverse in the graph at 20 km on Figure 3, where the gradient becomes positive in the case of one recloser. The insignificance of the impact of the increasing gradient at 20 km is evident in Figure 4.  
 
Table 2: The positions and settings of the reclosers placed on the line. 
Number of re-
closers 
  Recloser position 
(km) 
Pick up  
(A) 
Time multiplier 
5  
0.10 272 0.25 6.00 245 0.17 12.00 220 0.12 18.00 198 0.08 24.00 178 0.05 
3  0.10 272 0.14 10.00 245 0.08 20.00 220 0.05 1  0.100 272 0.05    
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Figure 3: Energy exposure of feeder for different number of reclosers on the feeder set  
using the bottom-up method on a logarithmic scale. 
Figure 4: Energy exposure of feeder for different number of reclosers on the feeder set  
using the bottom-up method on a non-logarithmic scale. 
Table 3. The length of the feeder from the busbar that contributes to 80% of the  
cumulative energy exposure of the feeder. 
Number of reclosers   Total energy exposure (A2S) (80%) Percentage of the cu-
mulative energy exposure 5 reclosers 63 369 945.07 5 km 3 reclosers 39 640 414.33 6 km  1 recloser  15 530 282.16 11 km Table 3 shows that with one recloser on the 30 km feeder, 80% of the cumulative energy exposure of the feeder was contributed by the first 11 km of the feeder. This length decreases to 5 km with the addition of four reclosers. The dominance of the en-ergy exposure near the source increased with the number of reclosers because of the impact of the in-creasing TT of the feeder breaker. Having one re-closer would, consequently, be the best option to minimise thermal damage to conductors; however, 
this would not be a practical solution since all cus-tomers on the line would lose supply for every fault on the line. 
3.3 Variations in the recloser number: top-down 
approach The scenario in Section 3.2 was repeated using the top-down approach. The TT of the feeder recloser was set to the maximum possible, i.e., at the TT of the upstream transformer, minus a grading margin 
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of 0.4 s, resulting in a TT of 1.1 s, as shown in Table 4. Since the TT of the feeder circuit-breaker was the same, irrespective of the number of reclosers, the energy exposure of the first portion of the network was identical in all cases. The portion between the feeder breaker and the first recloser was most sig-nificant, since it exceeded the energy limit. With 
every additional recloser, the energy exposure de-creased at the position of the recloser. This resulted in the feeder with the most reclosers having the least energy exposure. From Figure 5, it is evident that having one recloser would be the worst option, since energy exposure was maximum. 
Table 4: The positions and settings of the reclosers placed on the line. 
Reclosers   Recloser position 
(km) 
Pick up (A) Time multiplier 
5 reclosers 
00.10 272 0.54 06.00 245 0.25 12.00 220 0.18 18.00 198 0.14 24.00 178 0.11 
3 reclosers 00.10 272 0.54 10.00 245 0.2 20.00 220 0.12 1 recloser 00.10 272 0.54  
 
Figure 5: Energy exposure of feeder for different number of reclosers on the feeder set  
using the top-down method. 
 
Table 5: The positions and settings of the three reclosers placed on the line. 
Recloser 
options 
  Recloser posi-
tion (km) 
Pick up 
(A) 
Time multi-
plier 
High set 
(A) 
Option 1 00.10 272 0.27 1447 04.00 245 0.08 20.00 220 0.05 
Option 2 00.10 272 0.15 3342 10.00 245 0.08 20.00 220 0.05 
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3.4 Variations in recloser positioning: bottom-up 
approach and the application of high sets The impact of position of reclosers on energy expo-sure on the feeder when the bottom-up approach is used was investigated. The number of reclosers was kept constant, while the position of the second re-closer was varied. None of the reclosers were set to auto-reclose. The impact of the application of an in-stantaneous high-set was also examined. Although the high-set was configured to trip instantaneously, the actual TT was equivalent to the circuit-breaker operating time since the circuit-breaker was not ca-pable of tripping instantaneously. The circuit-breaker operating time is defined as the time elapsed between the trip initiation and when the arc has been extinguished and is assumed to be 80 ms [25]. For the position and protection settings of reclosers provided in Table 5, the energy exposure for a fault at every 1 km interval of the feeder is plotted in Figure 5 with and without a high-set ap-plied on the feeder circuit-breaker. 
4. Test results and discussion  An instantaneous high-set was only applied to the feeder breaker and was selected by multiplying the fault level at the second recloser by 1.5. This ap-proach ensured that the high-set will not trip in-stantaneously for faults beyond the successive re-closer. The lower the current pick-up value of the high set was, the lower was the energy exposure of the feeder. Since the high set was dependent on the fault level at the position of the successive recloser, the high set was in the scenario where the second recloser placed further away from the feeder breaker that was set lower. From Figure 6, the effect of the high-set in option 1 is shown in the transition of energy exposure from section A0-B0 to A2-B2, which represents a 74% reduction in the cumula- 
tive energy exposure. The effect of the high-set in option 2 is shown in the transition of energy expo-sure from section A1-C1 to A2-C2, which represents an 83% reduction in the cumulative energy expo-sure. The application of a high-set on the first re-closer would reduce the damage between the first and second reclosers, where the energy exposure is most critical.  The cumulative energy exposure for option 2 is 30% lower than that of option 1 without the appli-cation of high-sets, and with the application of high-sets it is 55% less than that of option 1. The position of reclosers also influences the time-delayed pro-tection settings. Using a grading margin of 0.4 s in both scenarios, the time multipliers for the feeder breaker of option 1 was 0.27 and the time multiplier for option 2 is 0.15. This demonstrates that grading relays at higher currents result in a greater time multiplier and therefore results in slower TTs for close-up faults. Figure 6 illustrates how the change in positioning of reclosers can affect the damage to the network in the case where no high-sets are ap-plied. Between the first and second reclosers, the energy exposure for option 1 was 33% higher than that of option 2, and between the second and third reclosers it was 50% lower than the energy expo-sure of option 2. Energy exposure is thus higher where it is more critical, and it drops where it is less critical. This difference is attributed to the differ-ence of the TTs between the two options for close-up faults.  Moving the second recloser further away from the source would allow the application of a high-set without compromising on grading; and faster standard inverse curves can be applied to the first and second reclosers. This would curb the energy exposure effectively. Deviations from the high-set approach are made when the possible damage on
 
Figure 6. Energy exposure of feeder for different positions of reclosers on the feeder  
configured with an instantaneous high set. 
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the network is critical, and an effective high-set can-not be set using the standard theory because of the position of the successive reclosers. There is a pos-sibility that the reclosers would not grade because of the deviation.  The lower the high set is, the lower is the energy exposure of the feeder. The pick-up setting of a high-set on any recloser is dependent on the fault current at the successive reclosers, which depends on the position of the successive reclosers. As the post of the successive recloser is shifted further away from the source, the application of a high-set is possible without compromising grading between reclosers. For applications in which the first re-closer is very close to the feeder circuit breaker, the option to apply a non-graded high-set may be im-plemented to limit the feeder’s energy exposure. In this paper, the number and placement of reclosers on a feeder have been identified as a constraint on the optimal protection settings applied to the feeder to ensure minimal energy exposure. The en-ergy exposure of a feeder should thus be a consid-eration in determining the optimum number and placement of reclosers. The impact of distributed generation can ad-versely affect the number and placement of reclos-ers on the network. Considering recloser placement from an energy exposure perspective changes the approach from a standard time delayed approach to a more adaptive approach.  
5.  Conclusions It is critical to keep the let-through energy below the withstand capability of the equipment. The ap-plication of the bottom-up standard inverse coordi-nation approach on a distribution network is more efficient in minimising the energy exposure than the top-down approach. The bottom-up approach allows more reclosers to be added without exceed-ing the energy limit. As the number of reclosers in the network increases, the energy exposure of the feeder increases. Therefore, an optimal approach that can guarantee a safety operation of the equip-ment by avoiding damage is analysed to minimise the impact of increase in the energy exposure of the feeder. The application of a high-set on the feeder breaker is very efficient in reducing the let-through energy where it is most critical.  
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